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We report the growth of single-phase, stoichiometric polycrystalline thin films of the half-Heusler
ferromagnet NiMnSb, predicted to be half-metallic, on single crystal InSb (100) substrates heated at
200 °C by pulsed laser deposition. The films exhibit saturation magnetization of 4 mB / formula unit
at 5 K and coercive fields of 2 Oe at 300 K indicative of their good structural quality. At low
temperatures sT,200 Kd the system behaves like a Heisenberg ferromagnet as expected for a
half-metal, while at T.200 K it behaves like an itinerant ferromagnet. The resistivity of the film at
5 K is 6 mV cm. © 2004 American Institute of Physics. [DOI: 10.1063/1.1807026]
Establishing efficient spin injection from a ferromagnetic
metal into a semiconductor is presently one of the main is-
sues in spintronics that has captured the interest of experi-
mentalists and theorists alike.1 The driving force behind this
interest has been the realization of a spin field-effect transis-
tor (SFET) proposed by Datta and Das.2 For this device to
operate as envisioned, the injection of spin-polarized carriers
from a ferromagnet into a two-dimensional electron gas
(2DEG) structure based on a narrow-gap semiconductor
(NGS) is required. The aim is to exploit the high mobility
and spin–orbit interaction exhibited by a NGS. The manipu-
lation of the latter effect via a gate voltage will allow the
control of the spin direction. Recent theoretical studies have
attributed the observed low efficiency of the spin-injection
from a 3d ferromagnetic metal into a semiconductor3 to a
conductivity mismatch between the two materials.4 On the
other hand, it has been proposed that using ferromagnets
which exhibit 100% spin polarization, should enhance the
spin-injection efficiency.4
In this context we have grown thin films of NiMnSb, a
ferromagnetic ternary alloy with the C1b half-Heusler struc-
ture, on InSb. NiMnSb has been chosen because band struc-
ture calculations predict5 it to exhibit 100% spin polarization
at the Fermi level. Other important reasons for choosing
NiMnSb as a spin injector are (a) its similarity with the zinc
blende structure which makes it compatible with the semi-
conductors commonly used in microelectronics industry and
(b) its high Curie temperature s730 Kd. We have used InSb
substrates because the ultimate goal of the European project
FENIKS that we are participating in is to employ an InSb-
based 2DEG system in fabricating a SFET similar to that
proposed by Datta and Das.
In a previous study we reported the low-temperature
growth of polycrystalline NiMnSb films onto Si (111) sub-
strates using pulsed laser deposition (PLD).6 Those films,
however, exhibited a relatively low saturation magnetization
of 3.5 mB at 5 K and a residual resistivity of 48 mV cm,
indicating the presence of significant amount of structural
disorder.
In this letter we report our efforts to grow single-phase,
stoichiometric polycrystalline NiMnSb thin films on single
crystal InSb (100) substrates heated at 200 °C by PLD. The
need for the low temperature depositions is associated with
the structural damage that InSb-based structures suffer when
heated to temperatures above 250 °C. There are only a few
reports on the deposition of high quality thin films at mod-
erate temperatures s230–300 °Cd using methods of growth
other than PLD.7–11 The films exhibit saturation magnetiza-
tion of 4 mB / formula unit at 5 K consistent with the ex-
pected half-metallic behavior. In addition, the low coercive
field of 2 Oe at room temperature and the low resistivity of
6 mV cm at 5 K exhibited by these films constitute strong
evidence for their good quality.
NiMnSb films were grown by the conventional PLD
method onto heated single crystal InSb (100) substrates sTs
=200 °Cd in vacuum. Details regarding the deposition of the
films have been described elsewhere.6 We have investigated
the reproducibility of our results by producing several thin
films of different thicknesses between 100 and 680 nm. The
thickness of the films was measured accurately with ana)Electronic mail: giapintz@iesl.forth.gr
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alpha-step profilometer. Here we report on a thin film of
thickness 590 nm, which reflects the typical observed
behavior.
The NiMnSb targets used for the PLD deposition were
prepared by arc-melting and postannealing treatment.12,13
The structure of the films and the targets was determined by
x-ray diffractometry (XRD) using a Rigaku (RINT-2000) dif-
fractometer equipped with a thin-film attachment. The sto-
ichiometry of the films was determined by energy dispersive
x-ray (EDX) measurements in a PHILIPS XL 30 scanning
electron microscope. dc magnetization measurements in the
temperature range 5łTł300 K were carried out in a com-
mercial Oxford extraction magnetometer. The electrical re-
sistivity of the films was measured using the standard four-
probe ac method.
It is evident from Fig. 1 that the film is polycrystalline
and there is no trace of a second phase both in the film and
the target within the resolution of the x-ray diffractometer.
Both the film and the target structures were successfully re-
fined within the F4¯3m space group.14 Direct comparison of
the XRD spectra for the bulk and the film indicates a high
degree of (220) texturing in the film. It is noteworthy that
(220) is the most intense peak of the bulk XRD spectrum. A
high degree of (220) texturing has also been observed by us
in NiMnSb films grown on Si (100) and becomes more in-
tense as the thickness of the films is increased. The extracted
lattice parameter for the film is 0.5984s1d nm, compared to
0.5924s1d nm for the target.
Figure 2 shows scanning electron micrographs of the
film obtained at different magnifications. As can be seen
there are small droplets on the otherwise smooth surface of
the film. EDX measurements on the NiMnSb film show that
its stoichiometry is 1:1:1, same as that of the PLD target.
Similar chemical composition measurements on a number of
droplets show that they also are stoichiometric (1:1:1).
Figure 3 shows the applied magnetic field dependence of
magnetization, MsHd, at 5 K and room temperature. The
magnetic field was applied parallel to the plane of the film; it
is known that the easy axis of magnetization lies within the
plane because of the thin film shape anisotropy. A saturation
magnetization, Ms, of 4.0±0.06 mB / f.u. was obtained at 5 K,
consistent with the expected half-metallic nature of the film.
FIG. 1. X-ray diffraction pattern for (a) the NiMnSb target and (b) the
NiMnSb thin film st=590 nmd. The open symbols correspond to the experi-
mental data points. The solid lines are a least-squares fit (Ref. 14) of the
observed diffraction profile based on the space group C1b of NiMnSb
(cubic—F4¯3m). The vertical bar marks shown below the diffraction patterns
define the position of the Bragg reflections determined after the multicycle
self-consistent refinement of the spectra that involves simultaneous manipu-
lation of several structural parameters. The asterisks on spectrum (a) denote
Bragg reflections of the aluminum sample holder used to collect powder
diffraction data of the target.
FIG. 2. (a) Scanning electron micrograph showing droplets. (b) The same
film at higher magnification.
FIG. 3. Magnetization curves for the NiMnSb film at 5 and 300 K. Inset:
Hysteresis loop showing a coercive field, Hc, of 2 Oe.
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The magnetization was calculated by measuring accurately
the mass of the deposited film using a thermogravimetric
balance. The inset of Fig. 3 depicts a room-temperature hys-
teresis loop. The coercive field, Hc, deduced from the MsHd
loop is 2 Oe almost bulk-like (for bulk NiMnSb: Hc,1 Oe).
The low value of Hc is of great importance in the use of these
films in spintronics as it defines the operating field range of
active devices.
Figure 4 shows the temperature dependence of the satu-
ration magnetization, MssTd, for the film obtained at a mag-
netic field of 10 kOe. The magnetization curve up to 200 K
can be fitted well, as shown by the solid line in Fig. 4(a), to
the Bloch law:
Ms = Mss0ds1 − AT3/2d ,
where Mss0d is the extrapolated saturation magnetization at
0 K, and A=2310−5 K−3/2. This is consistent with the fact
that this law is expected to hold up to Tc /3 (for NiMnSb,
Tc=730 K). Hence, the system behaves like a Heisenberg
ferromagnet at low temperatures. This behavior is expected
for half-metals and accounts for the fact that the Mn spin
magnetic moment is well localized due to the exclusion of
the spin-down electrons at Mn sites.15 Using the value of A
that resulted from the fitting of the experimental data, we
estimate the spin wave stiffness coefficient D in a similar
way as in Refs. 13, 16, and 17. We find D=170 meV Å2.
This value for D is of the same order of magnitude as that of
the bulk NiMnSb13,16,17 and other prototypical half-metallic
systems such as doped manganites.18 For temperatures above
200 K (see inset of Fig. 3), we find that Ms
2 is proportional
to T2, as also found in the case of the target,13 which is the
classical behavior for itinerant ferromagnets. At these tem-
peratures it is expected that both spin bands contribute to
transport and individual spin reversals can occur, i.e., Stoner
excitations modify the temperature dependence of the mag-
netization. This is in agreement with theoretical calculations,
which predict that terms such as T2 and T4/3 contribute to the
magnetization due to spin fluctuations in itinerant
ferromagnets.19
Finally, the resistivity of the film at 5 K was measured to
be 6±0.2 mV cm, slightly lower than that of the target
s8.6 mV cmd,13 indicating that the film is of good quality
with low disorder. At room temperature the resistivity was
20±0.2 mV cm. The residual resistivity ratio fRRR
;rs300 Kd /rs5 Kdg is ,3. This relatively low RRR value is
most likely due to the presence of the grain boundaries in the
polycrystalline film, which may not affect the saturation
magnetization but could significantly increase the residual
resistivity of the sample. More detailed analysis of the trans-
port measurements, which suggest that the contact between
NiMnSb and InSb is ohmic and thus suitable for spin
injection,20,21 will be reported elsewhere.22
In conclusion we have studied the structural, composi-
tional, magnetic and electrical properties of NiMnSb poly-
crystalline thin films grown onto moderately heated single
crystal InSb substrates by PLD. The films were single-phase
and stoichiometric, and exhibited a rather high degree of
(220) texturing. The measured magnetic and electrical prop-
erties indicate that the films are of high quality and exhibit
signatures expected for half-metallic systems.
The authors gratefully acknowledge support from the
EU project FENIKS G5RD-CT-2001-00535.
1Semiconductor Spintronics and Quantum Computation, edited by D. D.
Awschalom, D. Loss, and N. Samarth (Springer, Berlin, 2002).
2S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).
3S. Gardelis, C. G. Smith, C. H. W. Barnes, E. H. Linfield, and D. A.
Ritchie, Phys. Rev. B 60, 7764 (1999); C.-M. Hu, Junsaku Nitta, A.
Jensen, J. B. Hansen, and H. Takayanagi, ibid. 63, 125333 (2000).
4G. Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip, and B. J. van
Wees, Phys. Rev. B 62, R4790 (2000).
5R. A. de Groot, F. M. Mueller, P. G. van Engen, and K. H. J. Buschow,
Phys. Rev. Lett. 50, 2024 (1983).
6J. Giapintzakis, C. Grigorescou, A. Klini, A. Manousaki, V. Zorba, J.
Androulakis, Z. Viskadourakis, and C. Fotakis, Appl. Phys. Lett. 80, 2716
(2002).
7P. Bach, A. S. Bader, C. Rüster, C. Gould, C. R. Becker, G. Schmidt, L.
W. Molenkamp, W. Weigand, C. Kumpf, E. Umbach, R. Urban, G.
Woltersdorf, and B. Heinrich, Appl. Phys. Lett. 83, 521 (2003).
8W. Van Roy, M. Wójcik, E. J. Dryka, S. Nadolski, D. Jalabert, B. Brijs, G.
Borghs, and J. De Boeck, Appl. Phys. Lett. 83, 4214 (2003).
9D. Ristoiu, J. P. Nozières, and L. Ranno, J. Magn. Magn. Mater. 219, 97
(2000).
10J. A. Cabbalero, Y. D. Park, A. Cabbibo, J. R. Childress, F. Petroff, and R.
Morel, J. Appl. Phys. 81, 2740 (1997).
11C. Hordequin, J. P. Nozières, and J. Pierre, J. Magn. Magn. Mater. 183,
225 (1998).
12S. Gardelis, J. Androulakis, P. Migiakis, and J. Giapintzakis, Mater. Sci.
Forum 455–456, 137 (2004).
13S. Gardelis, J. Androulakis, P. Migiakis, J. Giapintzakis, S. K. Clowes, Y.
Bugoslavsky, W. R. Branford, Y. Miyoshi, and L. F. Cohen, J. Appl. Phys.
95, 8063 (2004).
14J. Rodriguez-Carvajal, FULLPROF, version 3.1 d-LLB-JRC, ILL, France
1998; A. Lebail, H. Duroy, and J. L. Fourqet, Mater. Res. Bull. 23, 477
(1998).
15I. Galanakis, P. H. Dederichs, and N. Papanikolaou, Phys. Rev. B 66,
134428 (2002).
16M. J. Otto, R. A. M. van Woerden, P. J. van der Valk, J. Wijngaard, C. F.
van Bruggen, C. Haas, and K. H. J. Buschow, J. Phys.: Condens. Matter
1, 2341 (1989).
17C. Hordequin, J. Pierre, and R. Currat, J. Magn. Magn. Mater. 162, 75
(1996).
18T. Akimoto, Y. Moritomo, A. Nakamura, and N. Furukawa, Phys. Rev.
Lett. 85, 3914 (2000).
19V. Irkhin and M. I. Katsnelson, J. Phys.: Condens. Matter 2, 7151 (1990).
20K. Yoh, H. Ohno, Y. Katano, K. Sueoka, K. Mukasa, and M. E. Ram-
steiner, Semicond. Sci. Technol. 19, S386 (2004).
21Z. M. Zwierzycki, K. Xia, P. J. Kelly, G. E. W. Bauer, and I. Turek, Phys.
Rev. B 67, 092401 (2003).
22J. Androulakis, S. Gardelis, J. Giapintzakis, D. Fragouli, and T. Kitsopou-
los (unpublished).
FIG. 4. Temperature dependence of the magnetic moment for the NiMnSb
film. The open circles are the experimental data. The solid line in the main
figure is the fitted Bloch T3/2 law for the temperature range 5 KłT
ł200 K. Inset: The solid line is a fit which shows that for temperatures
higher than 200 K, M2 is a linear function of T2.
3180 Appl. Phys. Lett., Vol. 85, No. 15, 11 October 2004 Gardelis et al.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
131.251.254.28 On: Fri, 21 Feb 2014 09:27:19
